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.1 Introduction
In the previous chapter we have described the effect of compression i.e. positive pressure on liquid crystals. We also reported that in room temperature liquid crystal samples mounted in the high pressure (HP) cell if the volume is fixed an excess pressure gets generated at high temperatures.
In an analogous manner, if a given volume of liquid is cooled from high temperatures, a negative pressure can be generated in the medium. In this chapter we describe the first experiments on the effect of tensile stress on liquid crystals.
Condensed matter can sustain negative pressures because of attractive interactions between molecules. Under negative pressures the intermolecular distance r increases, and the medium which is under tension is in a metastable state [1] . Indeed at a sufficiently high negative pressure, the medium goes over to the equilibrium high density state by cavitation [1] . Several natural phenomena crucially depend on such a state: for example, sap-ascent in tall trees [2] and the initial inflationary phase in the expansion of the universe [3] . The latter is analogous to the cavitation phenomenon which occurs in a liquid under tension, usually due to thermal fluctuations. Maris and Balibar [4] have shown that quantum fluctuations induce cavitation in the superfluid phase of Helium-4. Ice I has a lower density than water, and the phase transition between them has been studied under negative pressures [5] . Liquid crystals exhibit several phase transitions involving changes in appropriate symmetries [6, 7] and are ideally suited for investigating such transitions between phases in both of which the medium is under tension. To achieve large negative pressures small drops have to be cooled under constant volume (i.e. isochoric) conditions. We have developed a technique of subjecting liquid crystals to negative pressures by embedding small droplets (of diameter ~ 100 µm) of mesogens in a matrix of a glass-forming material.
We have carried out the first measurements of birefringence ∆µ, a measure of orientational order parameter S, on such samples. An isochoric cooling of the sample is used to locate transitions under negative pressures, from the isotropic to nematic as well as from nematic to smectic A phases. We present the temperature variations of Freedericks threshold voltage [7] V th which is a measure of a curvature elastic constant for both isochoric as well as isobaric conditions.
The structures adopted by soft condensed materials depend on a balance between repulsive and attractive interactions. Onsager [8] demonstrated in a seminal paper over half a century ago that colloidal suspensions of hard rods can undergo a transition from the isotropic to the nematic phase due to packing effects alone, as the density is increased. The anisotropic attractive interactions are quite important for rod-like organic molecules of low molecular weight and the nematic to isotropic (NI) transition occurs at relatively high densities.
It is known that the NI transition is of first order nature [7] . The Landau -de Gennes (LdG) theory describes the NI transition quite well (see section 1.6). The free energy density is given by
where the third order term with coefficient B is nonzero in view of the second rank tensor nature of the orientational order parameter S. This term leads to a first order NI transition in which the orientational order parameter S jumps from zero to a finite value (usually ~ 0.3) at T NI . T * is a hypothetical second order transition point which is slightly below T NI . Experiments show that the density ρ also jumps by ~0.2% at T NI , clearly indicating that the order parameter is coupled to density. The LdG model has been extended by Mukherjee and co-workers [9] to incorporate density -order parameter coupling, by assuming the relevant term to be S 2 ∂ρ 2 . The term ∂ρ = ρ N -ρ I is the difference in density between nematic and isotropic phases. But this term would not discriminate between the positive and negative signs of ∂ρ, which is inappropriate. We have extended the LdG model by adding the appropriate coupling terms. By comparing the isobaric as well as isochoric measurements of ∆µ we have estimated the coefficients coupling S and density ρ of an extended LdG model of the nematic phase.
Experimentally T NI -T * is about 1 to 2 0 C, while the molecular mean field theory of Maier and Saupe would give a much larger value [6, 7] . Indeed it has been shown by Tao et al [10] that the inclusion of a density dependent intermolecular interaction can reduce this discrepancy. The relative importance of density and temperature in determining the variation of order parameter has been investigated by measurements of both the order parameter and the density as functions of pressure above 1 bar in a couple of cases [11] . Experiments under constant volume (ie., isochoric) conditions are ideally suited for such an investigation. As the temperature is lowered, such a medium will have a density which is lower than in equilibrium and hence it will be in a metastable state. The medium experiences a tensile stress, i.e., negative pressure, which increases in magnitude as the temperature is lowered. The medium can go over to the stable state by cavitation, i.e., by developing a vapour bubble, which grows to the required size if at nucleation it has a radius r beyond a critical value r * . A vapour embryo of radius r has an energy σ π π 2 3 4 3
where P is the magnitude of the negative pressure and σ the surface tension. E r has a maximum with a potential barrier height of 16πσ 3 /3P 2 at r * = 2σ /P. A schematic representation of the energy of a vapour bubble as a function of its radius r is shown in Figure 6 A technique for creating very large negative pressures (~ −1kbar) by isochoric cooling of small water drops embedded in quartz crystals was developed some years ago by Zheng et al [12] . It has been used to approach the homogeneous nucleation limit for cavitation [12] , which corresponds to a first order transition from the (low density) metastable to the (normal density) stable state of the medium. Our strategy to overcome the above problems was to embed the liquid crystal drops in a matrix made of a glass-forming material. The glass transition point T g has to be moderately high, but not above 200 0 C to prevent thermal decomposition of the liquid crystal molecules. Another requirement is that the liquid crystal compounds should not dissolve in the glass forming material.
Experimental

Preparation of sample
After testing a few different materials, we found sucrose, a carbohydrate to be suitable for embedding liquid crystalline drops. The melting point of sucrose T m û180 0 C and the glass transition temperature, T g û78 0 C [14] . As it is a carbohydrate, it does not dissolve in most of the mesogenic compounds whose molecules have phenyl rings. Spherical drops are not suited for measurements of optical anisotropy of the liquid crystal. In order to be able to apply an electric field to the sample, we prepare it between ITO (Indium tin oxide) coated glass plates. The 
Optical phase difference measurement
As the size of liquid crystal droplets is of a few 100µm, the transmitted intensity measurement method used for estimating birefringence of thick samples discussed in previous chapters is not suitable for measurement of absolute phase difference as there will be an effect due to the surrounding glassy sucrose which is optically isotropic. So to measure the absolute path difference we have used a quarter wave plate in conjunction with the polarisers. The results are shown in Figure 6 .6. It may be noted from Figure 6 .6 that at any temperature, ∆µ is lower for the drop without a cavity, i.e., in the metastable nematic under negative pressure, compared to that for the drop with the cavity, in which the density is higher. The increase in ∆µ with decreasing temperature under isochoric condition i.e. sample without cavity is due to the variation of temperature alone. It may be noted that there is a sudden increase in ∆µ of ~ 7% in a first order phase transition at cavitation. The variation of ∆µ in the sample with cavity is associated with variations of both temperature and density. Independent ∆µ measurements were also made on CBCC at atmospheric pressure using a sample taken between two ITO coated glass plates, without sucrose matrix. These values compare well with the data obtained for the drops with cavity as shown in Figure 6 The data from Takahashi et al [15] are also shown for comparison.
The orientational order parameter S≈∆µ/∆µ 0 , where ∆µ 0 is the value of birefringence in the fully aligned state. The isochoric order parameter is significantly smaller than the isobaric value, the difference between the two increasing at lower temperatures ( Figure 6.6 ). CBCC has a cyclohexane ring ( Figure 6.4a) , and thus has a smaller value of ∆µ compared to a nematogen with two phenyl rings. For the drops without cavity T NI is 0.9 0 C lower than that in the presence of cavity. Using the dP/dT NI value of CBCC (chapter 5), the negative pressure is estimated to be ~ 22 bars at T NI .
(ii) MCB
A photograph of aligned drop of MCB embedded in glass matrix of sucrose is shown in Figure 6 .8. On heating a sample of MCB with cavity to temperatures well above the isotropic phase the cavity vanishes around ~76 0 C. The measurements were carried out on this sample using the procedure described above for CBCC. The temperature variations of ∆µ of the samples both in the absence of cavity i.e. isochoric measurement, as well as in the presence of cavity (essentially isobaric condition) are shown in Figure 6 .9. In MCB the cavitation occurs at 40 0 C in the SmA d phase and the value of ∆µ suddenly increases by ~6% at the first order transition. 
An extended Landau de Gennes theory to take into account density-order parameter coupling
As mentioned in section 4.42, the limitation of LdG theory is that it is a mean field theory valid near the NI transition point. Hence we use the data points within ~1 0 below T NI for analysis.
The density jumps at the NI transition indicating that the order parameter S is coupled to density (see section 6.1).We write the density dependent terms of the free energy as
in which the first term ensures that the density increases with increase in order parameter, which has a positive sign for rod like molecules for better packing. The second term is the energy cost of changing the density from its equilibrium value in the isotropic liquid. At a fixed pressure, the density adjusts itself to minimize F ρ , yielding
The total free energy is
Substituting for the ∂ρ in the equation for total free energy, we get
On heating the sample with the cavity, the latter reduces in size and finally disappears at a temperature T o in the isotropic phase. In the isochoric case, the density ρ is fixed and ∂ρ is given by
where ρ o is the density at temperature T o, and
with α being the co-efficient of thermal expansion.
Using this value of ∂ρ, and minimising the total free energy (equation 6.4) with respect to S, we get
The orientational order parameter S ≈ ∆µ/∆µ 0 , but we do not know ∆µ 0 . Using the density data available in the literature for CBCC [15] , ∆µ values within ~1 0 C of T NI in both isobaric and isochoric samples have been least square fitted to the appropriate equations. The density data on 8CB and 8OCB are reported by Karat et al and Sen et al respectively [17] . Using these values, the density of the mixture MCB at any relative temperature (T NI -T) is estimated as an appropriate average over the mole fractions of 8CB and 8OCB [17] . The results of the fit for both CBCC and MCB are shown in Figure 6 .11a and Figure 6 .11b respectively. We write β = B/∆µ 0 3 and χ = C′/∆µ 0 4 and m = M/∆µ 0 2 . The order parameter at the NI transition point at constant pressure, S NI =2B/3C′ [7] (see section 1.8) can be written as S NI = 2β/(3χ′∆µ 0 ). Also S NI ≈ ∆µ NI /∆µ 0 , hence ∆µ NI =2β/3χ′. [15] the density ρ as a function of temperature is estimated. The value of ∂ρ NI (at constant pressure) estimated using the above method is = 20×10 -4 g/cc. This value of ∂ρ NI is larger compared to that estimated using the theoretical fit. Using an appropriate average mole fractions of 8CB and 8OCB the value of ∂ρ NI for the mixture MCB is estimated and is =18×10 -4 g/cc. Again this value is larger compared to that got from the theoretical fit. The discrepancy in the estimated values of ∆µ NI and ∂ρ NI using LdG theory compared to those measured experimentally shows the inadequacy of the theory even near the transition point. It may be noted that for both CBCC and MCB the value of Λ reported in Table 1 is of the order of inverse compressibility for typical mesogens [6] .
Freedericks transition experiments
As a consequence of the apolar nature of nematic director n an external electric field E couples to the medium through its dielectric anisotropy ∆ε and the orientational part of the dielectric energy density is given by -ε 0 ∆ε ( n . E ) 2 /2, where ε 0 is the vacuum dielectric constant. If n is strongly anchored at the two glass plates (which is the usual case), n reorients in the center of the cell at a threshold voltage ε ε π ∆ = 0 11
K V th
(independent of the sample thickness t) where K 11 is the splay elastic constant relevant to the initial distortion of the director [7] . In the highly polar compounds the dielectric anisotropy ∆ε mainly depends on the dipolar contribution.
According to Maier and Meier's theory the expression for the dielectric anisotropy is given by
, is the anisotropy of polarizability of a perfectly oriented medium, A N is the Avogadro number, ρ the density, M the molecular weight, ( )
, is the cavity field factor and ( )
is the reaction field factor for spherical cavity and α , is the average polarizability, p is the molecular dipole moment. Hence for cyano compounds, ∆ε is ∝ ρS/T. In the mean field approximation [7] , K 11 is proportional to S 2 . As such V th 2 /T ∝ S. Indeed, as shown in Figure 6 .12, for both the systems the value of V th 2 is higher for the nematic sample with the cavity compared to that without cavity. 
Mol% of 6OCB
On isochoric cooling of the samples, the thermal range of SmA d widens. In all the samples cooled isochorically, the N-SmA d transition temperature is higher than that at atmospheric pressure, and the cavitation occurs in the SmA d phase. With the sudden increase in density, the sample immediately goes over to the reentrant nematic phase. Thus the lower circles in Figure 6 
Conclusions
We have shown that using a simple technique of embedding liquid crystal drops in a glassy matrix of sucrose, the liquid crystals can be subjected to negative pressures. We have made the first measurements of birefringence, a measure of orientational order parameter S of nematic and smectic liquid crystals under isochoric condition. The data should be compared with the predictions of molecular theories which take into account both the hard-rod and attractive intermolecular interactions.
For this purpose, it would be better to choose compounds without flexible end chains or the highly polar cyano groups in which the dipolar interactions lead to strong short range order effects. Such materials will have T NI ~ 100 0 C, and it would be very useful if suitable glass forming materials with T g ~ 200 0 C are identified. Indeed, the technique developed in this work is suitable for many other studies.
